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SUMMAEY 



The power- and heat-stress conditions of geometri- 
cally similar engines are discussed. The advantages ac- 
cruing from smaller cylinder dimensions are higher spe- 
cific horsepower ,; lower weight per horsepower, lower pis- 
ton temperature, and less frontal area, with reduced deto- 
nation tendency. 



IHTEODUCTION 



Aside from the attempts toward units of high power, 
the principal aims in aircraft-engine development are 
directed toward lower specific horsepower and lower head 
resistance,. In an engine of given design form, these 
quantities are affected hy the size of the individual 
cylinder, that is, by the type of subdivision of the to- 
tal swept volume of the engine. In the following the 
characteristics of geometrically similar cylinders and 
engines built up of such cylinders are explored from the 
standpoint of horsepower and heat transfer, 

POWEE 
Hot; at ion 



Pj^ force 
■ mj mass 



♦"Leistung und V/armeabfuhr bei geometrisch fihnlichen 
Zylindern." Jahrbuch 1938 der deutschen Luf tf ahr tf orsch- 
ung, pp. II 80-11 82. 
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rpm 

crank radius 
power 

■p^^ mean effective pressure 
"F^ piston area 
^hi swept volume 
Sj^ stroke 

The general power equation reads: 

U - - ^ ^ (1) 



The pov;er increases with increasing mean effect pressure, 
greater swept volume, and rising rpm, and is, in addition, 
dependent upon quantity C, vrhich compromises the engine 
cycle - two or four stroke. The mean pressure Pm is. 
largely determined hy the fuel quantity comhustlble . in 
the inducted air volume conformahly to chemical laws; it 
can be increased by supercharging the engine. A graphi- 
cal view of the.se- .conditions is shown in figure 1: t.he 
straight lines with stroke s as parameter, the abscissa 
Cjj and the ordinate . form one family, the hyperbolas with 

N/Vj^ as parameter?' abscissa -p^ and n form another. 

Proceeding from the mean piston speed c™ = = — ■ 

™ 30 30 

3B indication for the flow velocity of the gases through 
the valves and hence for the charge of the cylinder, the 
stroke s defines the rotational speed n. To illustrate: 
For Cjn = 16 meters per second with s = 60 millimeters, 
the speed is n = 8000 rpm. The rotational speed in con- 
junction with the obtainable mean pressure, then, defines 

the .specific horsepower — = At n = 8000 rpm and 

•Pm = ^0 kg/cm^, the specific horsepower is 90 horsepower 
per liter f,or the four-stroke cycle and 180 horsepower per 
liter for the two-stroke. 



An arbitrary rise of and a at once is not 

obtainable for mechanical reasons and because of the in- 
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3. 



ferioT. cyTinder charge resulting from the flow resistance 
in the gas passages. In order that these conditions may 
he surveyed two geometrically similar cylinders (reference 
l) with linear dimensions Iq and Ij^ must he considered. 

When equal admissihle specific pressures are postulated 
on piston, bearings, etc., the proportional value for the 
effective forces Pi reads s 



■•^O ^0 



with \ = 



(2) 



By equal course of combustion process in hoth cylinders, 
the bearing load due to the ignition pressures is the 
same at all revolutions per minute; whereas, the bearing 
loads due to mass forces increase as the square with the 
revolutions per minute and therefore become at aspiration, 
that is, no-combustion pressures, decisive for the per- 
missible bearing pressures. Thus (2) affords 



1 _ 



m, r-, 



= \ 



(3) 



Hehce, because of the stipulated geometrical similitude, 



ni 



n. 



m, 



m. 



1 

\2 



and 



n- 



1^ 



(4) 



The limit revolutions per minute are in the inverse ratio 
of the linear dimensions. The mean piston speeds decisive 
for the cylinder charge have the proportional value 



'^fflp SqUq a, 

that is, they are equal and condition equal charge. From 
the general power equation (l) there follov/s for equal 

Pm ■ 

No ^hQ^o k 
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The power increases as the square of the length ratio. 
Thus the power referred to unit .of swept volume is as fol- 
lows: 

The specific horsepower units are in the inverse ratio of 
the linear dimensions; hence they increase with decreasing 
i.inear dimensions. 

For the weight per unit of horsepower (kg/hp) the 
equation reads: 

ii£o. 1 . X (8) 

With geometrically similar design the weight per horse- 
power (kg/hp) increases wi th the linear dimensions. 

Concerning the previous assumption that the con- 
stancy of piston speed is decisiTe solely for the identi- 
cal charge of similar cylinders, it is to "be noted that, 
strictly speaking; the flow in the gas passages is simi- 

vX 

lar only with constant Reynolds number Hg = However, 

the resultant effect of I is relatively small. In prac- 
tice, moreover, the reduction of weight per horsepower unit 

is no longer possible in the ratio \ when changing to 
very small cylinder dimensions, since the v/all thickness 
of the cylinders or perhaps the spacing and thickness of 
the cooling fins cannot he arbitrarily reduced. The ex- 
tent of the reduction in v/eight per horsepower unit is 
therefore less than that which corresponds to the length 
ratio \. 



HEAT HBMOVAL {fig. 2) 

Here .. , . 

denotes the amount of inside area of the 
cylinder at crank angle 9 

Ti (<p) gas temperature at crank angle 9 

Tg^ outside temperature of coolant 
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n engine revolutions per minute 

k (<p, "i, n) coefficient of heat transfer at crank angle cp 

A cylinder of the geometrically similar hank trans- 
fers, at crank setting cp in time interval dt , to the 
coolant the heat volume 

dCi = r(<p,l)k(q5,I ,n)C Ti.(q)) - t J dt (9) 



TTZX 

V/ith dcp - -g^ dt, the heat dissipation per csrcle is, on 

the assumption of independence of temperature T^^ and 
and n 

G) = a2TT 



Tj^ from I and n: 



= 30 r p(q3,i)k(cp,l,n)[Ti(q)) - TjdCp (10) 
Trn / 



Per the two-stroke cycle, a = 1, for the four-stroke, 

a = 2. Referred to time unit, the volume of heat removed 

amounts to — times; hence 
a 

'P saSTT 

<i = — / P('P.l)k(?, l,n)C Ti(:p) - T Jd (ll) 

Theoretically it is therefore necessary to differentiate 
hetween the heat removal per cycle and per unit time. 

If the same cylinder is considered at different revo- 
lutions per minute and the coefficient of thermal conduc- 
tivity k(ip,lj_n) is assumed to he unaffected hy n, the 
heat volume ^ transferred to the coolant per cycle de- 
creases hy increasing n and the heat transfer Ci per 
unit time remains the same. But, since the power IT, by 
equal mean pressure Pjjj , increases linearly with increas- 
ing n together with' the quantity of fuel inducted per 
unit time, this means that a continuously decreasing 
portion of the residuary heat not converted into power 
passes into the coolant and an increasing portion into the 
exhaust gasies. In practice, hov;ever, k(cp,t,n) increases 
with increasing n, hecause of the improved coefficient 
of heat transfer on the gas side, as is explained later on. 
Inasmuch as the rise is slower than that of n, the heat 
removal % per unit time is no longer invariable, although 
a displacement of the residuary heat in favor of the ex- 
haust heat is still always present. 
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Proceeding with the conditions on different geometri- 
cally similar cylinders, the functions P and Ic can te 
split in two parts, one of which comprises the effect of 
crank setting, the other the geometrical dimensions and 
n ; hence 



^(9.0 = 1 fi(p) ) 
k(^,l,n) = k(Un) k((p) J 
'^hen equation (ll). gives 



(12) 



Ci = X^kiX.n)^ I f(0)k(s')CTj(-?) - Tjd"? (13) 

Cp=0 

Por tvjo similar cylinders the value of the integral is 
equal, giving the proportional value 

3ll ^ ^ k( 1 , ,n., ) 
i^o " k( lo.no) 

or, for the amount of heat removei per unit surface, 

<lo k(^o'^o) 

The coefficient of thermal conductivity k(l,n.) is 

k(l,n)-^;~^ ■ (15) 



a(j( I ,n) 

where aQ.(l,n) denotes the average value of the heat 
transfer coefficient on the gas side per cycle, a-g' the 
heat transfer coefficient on the coolant side, referred 
to the smooth cylinder surface, X,,,^ ;the coefficient of 
heat conduction of the wall, and 5.(.l) the wall thickness, 
(ag- and /y-^-j are largely unaffected .hy 1 and n) . ffor 
the determination of otg. (l,n) . the similitude relation. 

with Nusselt's constant" 'i^ and Peclet»s constant 
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■T « — — i' ^ ' ^ — . 



:®- " a(j " - 



G- 

are resorted, to, where ctg. — tt" is the temperature con— 

ductivity . factdr with as heat ('conductivity factor of 

the gas, Cq as specific heat of gas, Yq. as specific 
weight of gas, and .Wq, as a characteristic speed of the 
gas content. All quantities are averages over a cycle. 
Punction . lean "be expressed as power function 

= O'(Pe)^ ■ ■ . . (16) 



or 



Uusselt 's* experimental value of i-i, = 0 . 8 for the heat 
transfer in a straight pipe of circular section serves as 
a hasis of the present study. Then ag. increases hy the 
assumeclly constant values eg., Yq., and Xq- e^u-al cyl- 

inder with increasing wq. , hence increasing n. But the 
increase 'hy . 'yi. = 0.8 is slower, than that of n. Assuming 
equal Xq., 'c(j, and. Y(j for different cylinders also af- 
fords 



The piston speed can he dealt with as characteristic speed 
and gives with 1 = 1 



w 



&0 

■ ' ' Ct-Gi M,- 1 -0.8 

~ = A. = \ (18) 

from this it is apparent that for p. < 1', that is, prac- 
tically |j. = 0.8, the heat transfer coefficient on the 
gas side hecomes smaller with increasing cylinder dimen- 
sions. Also, 6(l) "becomes greater hy greater cylinder 
dimensions. According to (14) and (15), the heat trans- 
fer through the wall to the coolant per unit surface and 
unit time therefore decreases on larger cylinders, 

♦See reference 2. 
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loT equal piston speed , the. l.grger cylinder gives off 
a little less heat per unit surface than the smaller cyl- 
inder "because of the longer heat path. Since the area, as 
well as the performance, and hence the inducted fuel vol- 
ume in similar cylinders, increases in the ratio the 
heat volume inducted in the cylinder per unit cooling sur- 
face is always identically great. The proportion of the 
cooling heat on the total heat accordingly drops a little 
with increasing cylinder size, while the exhaust heat 
rises. The same effect v;as oTsserved ahove for the iden- 
tical cylinder hy increasing h. It generally occurs on 
geometrically similar cylinders, v;hen the piston speed 
rises (where, however, the principle of similitude is 
broken^. As the charge by high piston speeds can "be main~ 
tained only ty supercharging, this possihility of raising 
the piston speed is greater with the small cylinder "be- 
cause of the lower detonation tendency. In this respect 
the small cylinder can also "become superior in respect to 
its cooling input per horsepower-hour as proved "by experi- 
ments on geometrically similar cylinders. 

Although, according to the foregoing, the heat removal 
of the large cylinder is lower 'oy equal piston speed, the 
t.emperature conditions act in its disfavor, as may he seen 
from. the ensuing study of heat removal on the piston. For 
simplicity, assume that each unit, area of the piston "bot- 
tom receives the same amount of heat for unit time and ". 
that the total heat flow in the piston hottom is in radial 
direction, the axial flow "being discounted. Then the con- 
ditions in this su'bstitute .system are exactly the same as 
in an infinitely long homogeneous ■ cylinder of radius E, 
in which the heat volume W per unit space and time is 
produced and at whose jacket with heat transfer coeffit- 
cient ttg the coolant of temperature t g borders. The 
temperature distri"bution in this cylinder satisfies the 
.linear differential equation of the second order 



1 d T 



(19) 



3 



+ 



= 0 



d r 



r d r 



the solution of which, with the given boundary conditions, 
is (reference 2) 
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The temperature in the cylinder axis is a,ccordi5.slx, ™. 

4 V 
2 \r 

Now — ^ 1; hence within the scope of the study, it 
ctg-H ■ , . 

approximates to 




(22) 



The heat volume in the piston per unit surface with which 
M is identical, decreases slowly with increasing cylinder 
size according to previous arguments. Since H rises in 

\'I E 

proportion to increasing cylinder size, and hence 

2ag. 

increase also with the size of the cylinder (hy equal 
coolant temperature '''k)* She piston in large cylinders 

■becomes accordingly hotter than in small cylinders, as 
proved by tests . (piston cooling on large cylinders). 



POV;'EE A'hD COOLIi\[C- COIJDITIOMS 05' A COMPLETE ENGINE 



An engine with specified pov/er K can be designed 
either for high speed with small stroke volume or slow 
speed with large stroke volume. If the revolutions per 
minute are pushed to the limits imposed by the mechanical 
stresses and the flow resistances, the performances of the 
individual cylinders are as , according to equation 
(s). Hence it requires a proportional number of cylinders 

by equal total N. The cooling surfaces of the sep- 
arate cylinders are in the ratio hence for A."® 
cylinders the same cooling surface is available. The heat 
given off on the coolant by the engine with large cylinder 
is therefore somewhat less than from the high-speed engine 
with small cylinders because of the smaller heat removal 
by larger cylinders. But of substantially negative influ- 
ence on the engine operation are the higher piston temper- 
atures and the greater detonation tendency. Since the 
total stroke volume and the total v;eight of the cylinders 
on different engines have the ratio K , the same holds 
true for the weight per horsepower and the horsepower per 
cubic inch, as on the separate cylinder; that is, both 
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quantities are. more favorable with smaller- dimensions and 
more cylinders than v;ith large individual cylinders, The 
frontal areas, decisive for the air. resistance, are also 
more favoralile in the ratio \^ on the smaller engines. 

Translation by J. Vanier, 
National Advisory Committee 
for Aeronautics. 
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